Chronic alcohol intake disrupts sleep and other circadian biological rhythms in both human alcoholics and in experimental animals. Recent studies from our laboratory indicate that these effects may be due, in part, to ethanol-induced alterations in fundamental properties of the circadian pacemaker. The present study explored the effects of chronic voluntary ethanol intake (25% v/v) on circadian phase responses to both photic and non-photic stimuli in Syrian hamsters. Hamsters were used in these experiments because they are a popular model organism in behavioral chronobiology research, and are characterized by unusually high levels of voluntary ethanol intake. Relative to controls, ethanol-exposed animals showed attenuation of circadian phase responses and wheel running activity following acute administration of the benzodiazepine, triazolam, a non-photic phase-shifting stimulus. In addition, ethanol-exposed animals displayed reduced phase advances, but normal phase delays, in response to brief light pulses. While the mechanisms underlying these effects remain to be elucidated, we hypothesize that ionotropic GABA and glutamate receptors may be involved, since these proteins serve as important targets for the neurobiological effects of ethanol, and are also known to be critically involved in the modulation of photic and non-photic circadian phase responses.
Introduction
Chronic alcohol intake results in dramatic disruptions in sleep and other circadian biological rhythms in both human alcoholics and in experimental animals. Nevertheless, since these studies have generally been conducted under naturalistic conditions (in humans) or during synchronization to laboratory light-dark cycles (in animals), the extent to which such disruptions reflect pharmacological effects on the circadian pacemaker is largely unexplored. The effects of light, drugs and other stimuli on the circadian pacemaker are most readily identified through studies of free-running circadian rhythms, as expressed in continuous darkness or in constant light. Under such conditions, the phase and period of an overt free-running rhythm are thought to reflect the phase and period of the underlying circadian pacemaker (Rosenwasser, 2001; Turek, 1987) .
Previous studies in our laboratory showed that chronic ethanol intake alters the free-running period of circadian activity rhythms in both unselected rats (Dwyer and Rosenwasser, 1998; Rosenwasser et al., 2005a) and selectively bred ethanol-preferring rats (Fecteau et al., 2006) , thus confirming earlier preliminary findings in the Syrian hamster (Mistlberger and Nadeau, 1992) . In addition, chronic ethanol intake attenuates the period-altering aftereffects of brief light pulses presented during late subjective night (but not early subjective night) (Rosenwasser et al., 2005b) . While the period and phase of the circadian pacemaker may be influenced by both spontaneous and evoked activity (Mistlberger et al., 1998; Mrosovsky, 1996b Mrosovsky, , 1999 Van Reeth and Turek, 1989) , changes in daily wheel running during ethanol intake in these studies were modest and did not appear to be correlated with effects on free-running rhythms (Mistlberger and Nadeau, 1992; Rosenwasser et al., 2005a) . Thus, taken together, these results indicate that the chronobiological effects of ethanol are mediated in part by alterations in the period of the circadian pacemaker and its response to perturbation.
The present experiments were designed to examine the effects of chronic ethanol intake on the response of the circadian pacemaker to both photic and non-photic phase-shifting stimuli. These experiments utilized Syrian hamsters because hamsters express very "accurate" free-running rhythms, characterized by low cycle-to-cycle variability in activity onset time under freerunning conditions, and are therefore generally the species of choice in behavioral studies of circadian phase responses. In addition, Syrian hamsters are known to display very high levels of free-choice ethanol consumption, exceeding that seen in selectively bred ethanol-preferring rats or in high ethanol-preferring strains of inbred mice, providing a possible model for excessive alcohol consumption in humans (Kulkosky and Cornell, 1979; McMillan et al., 1977; Piercy and Myers, 1995) .
Thus, we examined the effects of chronic voluntary ethanol intake on the circadian phase-shifting response to photic stimulation (light pulses) and to a well characterized non-photic (pharmacological) phase-shifting stimulus -the benzodiazepine, triazolam. The response to light pulses was examined because light pulses are the most widely studied circadian phaseshifting stimulus, and because of our earlier finding that chronic ethanol intake modifies the period-altering effects of light pulses in rats (Rosenwasser et al., 2005b) . The response to triazolam injections was examined because triazolam and other benzodiazepines produce large amplitude circadian phase responses thought to be mediated by benzodiazepine binding to GABA-A receptors in the SCN and other neural components of the circadian system (Smith and Turek, 1989; Turek and Losee-Olson, 1986 ). Indeed, GABA and GABA-A receptors are densely localized within the circadian system (Gao et al., 1995; Michels et al., 1990; Moore and Speh, 1993) , and given the extensive evidence for GABA-A receptor modulation by ethanol (Davies, 2003; Faingold et al., 1998) , provide a likely target for the chronobiological effects of ethanol. Indeed, cross-tolerance between ethanol and benzodiazepines has been widely reported in both humans and rodents (Mihic et al., 1992) , and a preliminary report indicates that chronic ethanol may reduce circadian phase responses to triazolam in the hamster (Joy and Turek, 1989) .
Both brief light pulses and acute triazolam injections result in phase-dependent phase responses of the circadian pacemaker, and the phase-response curves (PRCs) characterizing these responses are well known (Rosenwasser and Dwyer, 2001; Smith et al., 1992) . Thus light pulses result in phase delays during early subjective night and phase advances during late subjective night, while triazolam injections result in phase advances during midsubjective day and phase delays during late subjective night. In the present experiments, both stimuli were tested at phases expected to yield both maximal phase advances and maximal phase delays.
Methods

General procedures
Twenty-three male Syrian hamsters (Mesocricetus auratus, LVG strain), approximately six weeks of age, were obtained from Charles River Laboratory (Wilmington, MA) and maintained individually in running wheel cages (Lafayette Instruments, wheel diameter: 35 cm) with food (Prolab 3000) and fluids (water and/or ethanol solution; see below) provided ad libitum. Running wheel activity was recorded and analyzed using the ClockLab interface system (Actimetrics), and fluid intakes were assessed at irregular intervals (approximately every 7 to 10 days). The hamsters were initially maintained in a light-dark (LD) 14:10 cycle, and following the establishment of stable, light-entrained rhythms, were divided randomly into two groups: a control group, which received water only (N = 12), and an experimental group offered 25% (v/v) ethanol solution in free choice with water (2-bottle test) (N = 11). After allowing a period of 21 days for ethanol intake to stabilize in the experimental group, all animals were tested for their circadian phase-shifting responses to the benzodiazepine, triazolam and to light pulses, using a version of the Aschoff Type II protocol (Mistlberger, 1996; Mrosovsky, Fig. 1. Top panel: mean (+SEM) daily fluid intakes in ethanol-exposed and control groups of hamsters. Data represent the last intake assessment prior to each of the 5 successive phase-shift tests indicated along the x-axis. Bottom panel: mean (+ SEM) ethanol preference ratios (i.e., daily intake of 25% ethanol solution divided by total daily fluid intake) in ethanol-exposed hamsters assessed immediately prior to each testing condition. 1996a). In this protocol, animals are kept under an entraining LD cycle until the presentation of the phase-shifting stimulus, and then maintained subsequently for several cycles in constant darkness (DD) for assessment of the phase of the free-running rhythm. Each stimulus was tested at two different "zeitgeber" times (ZT, with scheduled dark onset defined as ZT 12), chosen to yield maximal phase advances and phase delays (see below). Finally, a "no-pulse" control condition, in which animals were simply transferred from LD to DD beginning at the normal time of dark onset, was also tested for comparison to the effects of light pulses. Thus, each animal was tested a total of 5 times in the same sequence (triazolaminduced phase advances, triazolam-induced phase delays, light-induced phase advances, light-induced phase delays, and no-pulse control). Each phase response test was separated from the preceding test by two to three weeks of re-exposure to the LD cycle, ensuring stable entrainment prior to the delivery of all phase-shifting stimuli. Finally, blood alcohol levels were measured in trunk blood at the time of sacrifice in half the ethanol-exposed animals using an Analox Instruments AM-1 alcohol analyzer. Blood samples were collected at the approximate middle of the subjective night, at a time when near-maximal blood alcohol levels would be expected, due to the normal nocturnal patterns of ethanol intake (cf., HillerSturmhofel and Kulkosky, 2001).
Triazolam-induced phase responses
Triazolam-induced circadian phase responses were examined at ZT 6 and at ZT 21, phases expected to result in maximal phase advances and phase delays, respectively (Turek and Losee-Olson, 1986) . For injections at ZT 6, hamsters were removed from their cages during the light phase, 6 h before the next scheduled light-to-dark transition, gently restrained manually, and injected with triazolam (5 mg/kg, i.p. dissolved in DMSO). Immediately following injection, the animals were placed back into their cages, at which time the lights were turned off and the animal was then allowed to free-run in DD for at least seven days. For injections at ZT 21, the lights remained on for an extra 9 h beyond scheduled dark onset on the day of the injection (i.e., until the normal time of ZT 21), and were turned off immediately following the injection, whereupon the animals were maintained for several days in DD. This protocol allowed the hamsters to be injected in the light at both ZT 6 and ZT 21, and also ensured that triazolam injections were followed immediately by a light-to-dark transition at both test times.
Light-induced phase responses
Light-induced circadian phase responses were examined at ZT 21 and at ZT 14, expected to yield maximal phase advances and phase delays, respectively. Light pulses (15 min, about 50 lx, incandescent white light) were scheduled at 9 (ZT 21) or 2 (ZT 14) h after the last light-to-dark transition, and were followed by at least seven days of DD to allow for assessment of free-running circadian rhythms. Finally, animals were tested for their phase-shifting response to simple transfer from LD to DD conditions ("no-pulse" control) by leaving the lights off for several days following the last light-to-dark transition.
Data analysis
Raster-style actograms were generated using ClockLab software for visual inspection of activity rhythms. The magnitude and direction (advance vs. delay) of circadian phase responses were determined using ClockLab's automated activity onset algorithm, as follows: Pre-stimulus phase was estimated as the mean time of activity onset over the last four days of LD entrainment, while poststimulus phase was estimated by a regression line fit to activity onsets over the 5-7 free-running cycles immediately following the test stimulus, except that, when necessary, the first 1-2 activity onsets following the stimulus were discarded from the analysis due to the occurrence of "transients" prior to the establishment of a steady-state free-running phase. Phase responses were then determined as the difference between these two phase estimates extrapolated to the first post-stimulus cycle. In addition, since triazolam-induced phase responses are associated with induced locomotor activity (Van Reeth and Turek, 1989) , we determined the total number of wheel-turns occurring in the 3-hour window following triazolam injections.
Mean phase responses for each of the five test conditions were compared between ethanol-treated and control groups using t-tests. Because activity-level distributions display positive skew, means of both raw and log-transformed post-triazolam activity levels were compared using t-tests, but since the statistical results were not affected by this transformation, raw-score results are presented here. Finally, Pearson's correlation coefficient and linear regression were used to examine the relationship between phase responses and log-transformed wheel running activity across individuals.
Ethical considerations
The experimental procedures described in this report were reviewed and approved by the University of Maine's Institutional Animal Care and Use Committee (IACUC). 
Results
Fluid intake
As expected, hamsters offered 25% ethanol in free choice with water voluntarily consumed large quantities of ethanol (Fig. 1) . Indeed, ethanol-exposed animals consumed 25% ethanol solution in quantities (10-15 ml/day) that were very similar to the water volumes consumed by water-only control animals. While ethanol intake was already well established by the time of the first phase-shift test (triazolam at ZT 6), further increases in ethanol intake as well as decreases in water intake occurred over the course of this long-term experiment. Thus, ethanol preference (i.e., the intake of 25% ethanol solution as a percentage of total daily fluid intake) was about 50-60% at the time of the initial phase-shift test, but increased to 80-90% during subsequent tests with light pulses. While animals were not weighed until the end of the experiment (terminal body weight: mean = 148.4 g, SEM = 3.80), daily ethanol intake over the course of the experiment may be estimated at about 15 g/kg/ day, or about twice that typically reported for selectively bred ethanol-preferring rats. On the other hand, terminal blood alcohol levels were very variable (mean = 36.1 mg/dl, SEM = 16.1, range = 4.7-75.6), and generally below levels considered to be intoxicating in rats and mice.
Triazolam-induced phase responses
Most animals showed triazolam-induced phase responses of between 0 and 2.0 h, depending on treatment group and ZT of testing, but four animals (two each in the ethanol-exposed and the control groups) displayed aberrant, very large (N 8-hour) phase-shift responses to triazolam at ZT 21; these aberrant responses were excluded from the main analyses, and are discussed separately below. In addition, one ethanol-treated animal produced an uninterpretable activity record following triazolam injection at ZT 6, and was also excluded from the statistical analysis.
Ethanol-treated animals displayed significantly reduced phase responses to triazolam at both ZT 6 (t 20 = 2.23, p = .038) and ZT 21 (t 17 = 2.28, p = .036) (Figs. 2 and 3) . Several triazolam-injected animals displayed substantial bursts of wheel running activity immediately following treatment (Fig. 2) , and while ethanol-treated animals were generally less active following triazolam injections (Fig. 3) , these differences were not significant. Despite the lack of significant differences in triazolam-induced activity, however, circadian phase responses and wheel running activity following triazolam were significantly positively correlated at ZT 6 (r 20 = .496, p = .022) and showed a similar but non-significant trend at ZT 21 (r 17 = .436, p = .062), when considering both ethanol-exposed and control animals (Fig. 4) . (Similar relationships were not seen within the ethanol-exposed or control groups, presumably due to the smaller N in these samples.)
As mentioned above, four animals (two from each group) showed very large, 8-to 12-hour phase responses in response to triazolam administration at ZT 21 (Fig. 5) . Similar responses to other non-photic phase-shifting stimuli have been reported recently in animals pre-exposed to constant light for one or more cycles prior to phase-shift testing (Knoch et al., 2004 (Knoch et al., , 2006 Landry and Mistlberger, 2005) . Thus, these responses may have been related to our decision to delay the onset of darkness from the normal ZT 12 until ZT 21 on the day of treatment in order to facilitate triazolam administration during the night phase of the LD cycle, resulting in exposure to 23 h of continuous light. In any case, these large shifts clearly represent outliers in our data set, and since similar responses were seen in both groups, are not related to chronic ethanol intake.
Light-induced phase responses
As expected, light pulses generally resulted in phase delays at ZT 14 and in phase advances at ZT 21 (Figs. 6 and 7) . Further, the transition from LD to DD yielded small phase advances in the no-pulse control condition, as has been reported previously (Mrosovsky, 1996a,b) (Fig. 7) . Circadian phase responses to light pulses were significantly reduced in ethanol-treated animals at ZT 21 (t 21 = 2.46, p = .023) but not at ZT 14, nor did ethanol-treated and control animals differ in their phase responses under the no-pulse control condition. Further, since ethanol-treated animals showed essentially identical responses to the ZT 21 light pulse and to the no-pulse condition, the phaseshifting effect of light appears to have been blocked completely at this phase.
Discussion
The results of this study indicate that chronic ethanol intake modulates both photic and non-photic phase responses in the Syrian hamster. These results confirm and extend our previous work on the chronobiological effects of ethanol intake in rats (Dwyer and Rosenwasser, 1998; Fecteau et al., 2006; Rosenwasser et al., 2005a,b) , and provide additional evidence that ethanol alters fundamental properties of the underlying circadian pacemaker.
At the cellular level, the effects of ethanol on the circadian pacemaker could be mediated by either non-specific effects on fundamental cellular processes or by specific receptor-mediated effects on neurotransmission. The specific effects of ethanol on central neurotransmission are thought to be largely dependent on ethanol modulation of ionotropic neurotransmitter receptors -most prominently, the GABA-A receptor and the NMDA-type glutamate receptor (Faingold et al., 1998) , and a substantial body of evidence indicates that GABA-A and NMDA receptors play critical roles in phase-control of the suprachiasmatic nucleus (SCN) circadian pacemaker by both photic and non-photic stimuli (Rosenwasser, 2003) .
The SCN and other neural components of the circadian timing system are richly endowed with both GABAergic neurons and with GABA-A receptors (Michels et al., 1990; Moore and Speh, 1993) that mediate the circadian phase-shifting effects of benzodiazepines and other GABA-A agonists (Smith and Turek, 1989) . Like benzodiazepines, ethanol exerts positive allosteric modulation of the GABA-A receptor, and chronic ethanol treatment is well known to result in GABA-A down-regulation (Faingold et al., 1998) accompanied by cross-tolerance to benzodiazepines (Mihic et al., 1992) . Thus chronic ethanolinduced GABA-A down-regulation within the circadian system could account for the attenuation of triazolam-induced circadian phase responses seen in this study and reported previously in abstract form by Joy and Turek (1989) . It should be acknowledged, however, that since this study did not include salineinjected controls, we cannot rule out the possibility that apparent triazolam-induced phase responses seen in the present study were actually due -in whole or in part -to aspects of the injection procedure itself, perhaps in combination with the alterations in photoperiodic conditions that accompanied the injections, which differed between the ZT 6 and ZT 21 treatment times.
Previous studies reveal that the PRC characterizing the circadian phase-shifting effect of triazolam is essentially identical to that seen for induced locomotor activity and/or behavioral arousal (Antle and Mistlberger, 2000; Mrosovsky, 1996b; Rosenwasser, 2003) . Indeed, since triazolam-induced phase responses can be prevented by post-injection restraint, it has been suggested that drug-induced locomotor activity may mediate the effects of triazolam on the circadian pacemaker (Van Reeth and Turek, 1989 ). This suggestion is controversial, however, since benzodiazepines can evoke circadian phase responses in the absence of induced locomotor activity (Biello and Mrosovsky, 1993; Marchant and Morin, 1999) , and since triazolam-and activity-induced phase responses are affected differentially by several neural and pharmacological interventions (Rosenwasser, 2003) . While the present study does not fully resolve these issues, we found that chronic ethanol intake reduced both the locomotor and the circadian phase-shifting responses to triazolam, and that the two responses were correlated across animals. Of course, it is possible that the two responses depend on independent populations of GABA-A receptors that are affected similarly by chronic ethanol intake.
The effects of light on the SCN circadian pacemaker are mediated largely by light-evoked glutamate release from retinal efferents to the SCN and by NMDA receptor-dependent signaling within SCN neurons (Gillette and Mitchell, 2002) . In addition, photic signaling in SCN neurons is modulated by GABAergic mechanisms, and both GABA-A and GABA-B agonists generally inhibit the circadian phase-shifting effects of light (Gillespie et al., 1997; Mintz et al., 2002; Menaker, 1986, 1989) . Despite discrepant findings in the literature regarding direct GABA-A agonists that may be related to central vs. peripheral sites of administration (Gillespie et al., 1997; Ralph and Menaker, 1989) , peripheral administration of indirect GABA-A agonists (i.e., benzodiazepines) selectively blocks the phase-advancing but not the phase-delaying effects of light (Ralph and Menaker, 1986) , similar to the effects of chronic ethanol intake seen here and in our previous study using rats (Rosenwasser et al., 2005b) . On the other hand, since chronic ethanol treatment is known to upregulate NMDA receptors (Faingold et al., 1998) , one might have predicted that this treatment would actually potentiate lightinduced phase responses, in contrast to the observed phase-specific blocking of photic phase responses. It must be remembered, however, that phase responses were tested during ongoing ethanol intake, which could have masked any NMDA-receptor upregulation. We are planning to test this hypothesis by examining the effects of chronic ethanol intake on photic phase responses during acute ethanol withdrawal.
Despite the extensive evidence for chronic ethanol-induced changes in the expression of GABA-A and NMDA receptors in other brain areas, the effects of chronic ethanol on these receptor systems within the circadian timing system have not been examined, and thus their possible role in mediating the present results remains speculative. On the other hand, chronic ethanol exposure has been reported to alter both neuropeptide (vasopressin, vasoactive intestinal peptide) (Madeira et al., 1997) and circadian clock gene (per1, per2, per3) (Chen et al., 2004) expression within the SCN, and while a specific role for these elements in modulating the response of the pacemaker to phase-shifting stimuli has not been as clearly established as that for GABA and glutamate receptors, such effects could certainly contribute to ethanol-induced alterations in circadian phaseshifting as well. Reciprocally, mutation of the per2 isoform of the mouse per gene alters both glutamatergic tone and voluntary ethanol intake (Spanagel et al., 2005) , further highlighting the complex interactions between ethanol intake, neurotransmitter systems, and chronobiological regulation.
We unexpectedly observed a small number of cases of near-12-hour phase responses in animals of both groups treated with triazolam at ZT 21. These responses resemble the so-called "type-0" resetting that has been associated with very strong phase-shifting stimuli and/or with low-amplitude circadian pacemakers (cf., Knoch et al., 2004) . In order to use the Aschoff type-II approach -in which potential phase-shift stimuli are delivered near the transition from LD entrainment to a DD freerun (Mistlberger, 1996; Mrosovsky, 1996a) -to test the response to triazolam at ZT 21, it was necessary to either inject the animals in darkness or to extend the light phase of the LD cycle from ZT 12 to ZT 21 on the day of the test. We chose the latter strategy, both to equate lighting conditions for the ZT 6 and ZT 21 injections, and for experimental convenience. However, recent studies have shown that pre-exposure to even relatively short periods of continuous light (i.e., 1-3 circadian cycles) can dramatically potentiate the response to other varieties of nonphotic stimuli (Knoch et al., 2004 (Knoch et al., , 2006 Landry and Mistlberger, 2005) . Thus, these observations suggest that similar lightinduced potentiation of non-photic phase responses may also occur for triazolam-induced responses in some animals.
Finally, the present results also confirm previous observations that Syrian hamsters will voluntarily consume very high levels of ethanol. The estimated ethanol intake of about 15 g/kg/day in the present study is very similar to previously reported values for this species (Harris et al., 1979; Kulkosky and Cornell, 1979; McMillan et al., 1977; Piercy and Myers, 1995) , and about twice that typically reported for various lines of selectively bred ethanol-preferring rats (e.g., Murphy et al., 1986) . One possible complication in the interpretation of the present study is that, while substantial ethanol intake was already established by the time of the first phase response test, further increases in ethanol preference occurred over the course of the study. Thus, since blood alcohol was assessed only at the end of the study, blood levels could have differed somewhat across the different phase response tests. On the other hand, previous studies show that even prolonged exposure to ethanol results in little or no metabolic or functional tolerance, and does not produce signs of dependence or a physical withdrawal syndrome, in this species (Harris et al., 1979; Kulkosky and Cornell, 1979; McMillan et al., 1977; Piercy and Myers, 1995) . Indeed, the greater ethanol intake in hamsters relative to rats appears to be largely due to the much higher rate of ethanol metabolism in the former species (Kulkosky and Cornell, 1979) , so it is not surprising that blood alcohol levels seen in the present study were modest and variable, and very similar to mid-dark-phase levels seen in previous studies of 24-hour free-choice intake in ethanol-preferring rats (Aalto, 1986; Agabio et al., 1996; Murphy et al., 1986 ) and mice (Kakihana and Moore, 1976; Millard and Dole, 1983) .
In conclusion, this study revealed that chronic ethanol intake modulates photic and non-photic circadian phase responses in the Syrian hamster, a species characterized by very high levels of voluntary ethanol intake. These effects are likely to be related to modulation of specific ethanol-sensitive neurotransmitter receptors and clock genes within the SCN and/or other components of the circadian timing system, but these hypotheses remain to be tested directly.
